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SU -,.AMARY  
Tests to investigate various aspects of machining have been 
carried out at The College of Aeronautics on a billet of Titanium - 150A, 
hot forged by High Duty Alloys. Measurements were made of the drilling 
forces, and an investigation of the cutting force when turning the blank 
was made. Tests were also made to determine the effect on tool life of 
tool shape, cutting speeds, of various rates of feed and of cutting 
lubricants and coolants. 
Conclusions are drawn as to the best tool angles for roughing 
and finish machining, the best tool gradr's for turning Ti-150A, and 
suitable speeds, feeds and lubricants. 
This report is based on sections of a th?sis submitted in June 1954 by 
Mr. J.T.D. Holt as a part of the requirements for the award of the 
Diploma of The College of Aeronautics. Mr. J. Purcell added the re-
sults of further tests and prepared the paper for publication. 
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IHTRODUCTION 
A series of tests has been made at The College of Aeronautics 
on the coaching of Titanium 150A in the forged state. A billet of 
i 14.-f n. diameter, of suitable length, was hot forged at the High Duty 
Alloys plant to the form of turbine rotor blank shown in Figures 1A 
and B. 
The machinability investigation started on the blank in the 
condition as forged, i.e. it included scale removal by the cutting tools 
as a preliminary investigation. 
The report covers the measurement of drilling forces when 
drilling in the excessively-worked flash material taken from the forging 
and also in the base metal; an investigation of the three components of 
the cutting force when turning the blank in the scale and immediate area 
under the scale and in the base metal; a.determination of the relation 
between tool shape, cutting speeds and tool life, and in particular the 
cutting edge side rake and tool life, the clearance angles on tool forces 
and tool life, cutting speed and tool life, and cutting edge back rake. 
It continues with the effect on cutting forces and life of various rates 
of feed, and the effect on tool life of cutting lubricants and coolants 
such as 002, mineral oils and oils soluble in water, together with methods 
of their application. 
2. DRILLING TESTS  
As can be seen from Figure 1A, the Titanium 150A forged blank, 
as supplied, carried a flash around its perimeter of some 3/16" thick 
and lAY to 3/8" wide. After removal of a segment of this flash to 
provide intermittent cutting for the preliminary turning operation, the 
removed flash was used to investigate drilling, with high-speed steel 
tools. These small section pieces of the material could represent 
forged Titanium 150A. in its worst possible condition. 
Equipment: Single spindle drilling machine (good condition). 
The College of Aeronautics drilling dynamometer. 
Tool: 	 Standard high-speed steel twist drills 
3/16" diameter 26°  spiral angle. 
1180  point angle, 12 clearance angle. 
V.P.N. average:- 750. 
Speed: 	 Constant 520 revolutions per minute 
Feed: 	 As shown in the following tabulated results. 
Cutting and soluble oil was applied but was found 
to be almost ineffective, and all results are therefore 
given for cutting dry. 
Drill life was very short - average 30 seconds, under 
the conditions of this test. Table I shows the results 
for the drilling tests of Titanium 150A. 
-  2  -  
T A B L E  T .  
D r i l j _ i _ r e s  i n  F l a s h  M a t e r i a l   
T i t a n i u m  1 5 0 A  
	
V . P . N .  
2 7 5  
- 1 0 0  
F e e d  i n  i n c h e s  
A c t u a l  R e a d i n g  f r o m  4  T e s t s  
T o r q u e  i n  i n c h  
T h r u s t  i n  -
p o u n d s  
p o u n d s  
0 . 0 0 2  
1 5 7  
1 6 5  
1 4 9  
1 8 1  
A v e r a g e  
1 6 3  
8 . 5  
9 . 5  
1 0 . 0  
9 . 5  
9 . 4  
0 . 0 0 3  
2 2 7  
1 3 . 5  
2 0 5  
1 4 . 2  
2 2 3  
1 4 . . 0  
2 2 0  
1 4 . . 2  
A v e r a g e  
2 1 9  1 4 . . 0  
0 . 0 0 2 4 _  
2 7 5  
1 7 . 0  
3 1 5  
1 8 . 2  
3 2 8  
1 8 . 5  
2 5 6  
1 7 . 0  
A v e r a g e  2 9 4 _  
1 7 . 7  
/ F o r  
For conparison, the following are forces when drilling 
under similar conditions with Bright Drawn Mild Steel, S 11 Steel, 
T1-75 alloy, and Nimonic 90. 
TABLE II  
MATERIAL 
FEEDS 
0.002" 0.003" 	 0.00/4_" 














S 11 9.3 122 13.5 165.6 15.5 201 
T1-75 5.1 100 10.2 129.5 13.6 159 
Nimonic 90 11 250 16 320 - - 
/Table III .... 
T A B L E  T T I  
F o r c e s  f o r  D r i l l i n g  i n  B a s e  M e t a l  i n  
T i t a n i u m  1 5 0 A  B l a n k   
F e e d  i n  i n c h e s  
A c t u a l  R e a d i n g  f r o m  4  T e s t s  
T h r u s t  i n  p o u n d s  
T o r q u e  i n  i n c h  
 
p o u n d s  
0 . 0 0 2  
1 2 2  
6 . 8  
1 2 8  
7 . 0  
1 2 2 . 5  
6 . 6  
1 2 0  
6 . 8  
A v e r a g e  
1 2 3  
6 . 8  
0 . 0 0 3  
1 6 2  8 . 5  
1 6 0  
9 . 0  
1 6 0  8 . 3  
1 6 3  
8 . 5  
A v e r a g e  
1 6 1  3 . 6  
0 . 0 0 4  
1 8 1  
1 2 . 8  
1 8 0  
1 3 . 0  
1 8 2  
1 3 . 0  
1 7 9  
1 2 . 5  
A v e r a g e  
1 8 0  
1 2 . 8  
N O T E :  T h e  v a r i a t i o n  f r o m  t h e  a v e r a g e  s h o w s  l o w e r  a n d  m o r e  
c o n s t a n t  
r e s u l t s  t h a n  
t h o s e  o b t a i n e d  w h e n  d r i l l i n g  
i n  f l a s h  m a t e r i a l  ( T a b l e  I ) .  
/ 3 .  T u r n i n g  . . . .  
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3. TURNING TESTS AND FORCES  
3.1 Turning on Rough Forging 
The forged blank was flange mounted on a rigid spigot 
(Figure 1B) and carried in the centre lathe chuck by the spigot and 
backed up by a tailstock live centre. 
As stated in Section 2, the flash was sawn off part of 
the perimeter of the blank. The material removed was used for the 
drilling investigation while the remnining flash formed a severe 
intermittent cutting test for the turning tools. The removal of 
the flash and scale was commenced with a fairly soft grade Tungsten 
Carbide tipped tool, with the following characteristics: 
Wimet S.58 	 1" x 3/4" section 
Cutting edge Side Rake 50 
Cutting edge Back Rake 
- 3° 
Plan Approach Angle 300  
Clearance Angles 6°  
Surface speed used 25 ft. per minute 
Feed 0.012 inches per revolution 
Depth of cut varies from zero to 0.15 inches. 
The standard tool geometry is shown in Figure 2. 
These tools were found to be wearing rapidly, as was to be expected. 
Further runs were made with,7imet TI.S. grade tools and Wimet H grade. 
The tool life in all cases was extremely Alort, being in the order of 
2 to 4 minutes, the N.S. grades showing the best performance. 
No cutting forces are included for this test, as the 
intermittent loading prevented the taking of readings which would 
have been of any use. 
3.2 Cutting Close to Surface  
The readings of cutting forces when cutting in the scale and 
the immediate area under the scale are given in Table IV. 
The figures auoted were accepted only after three consecutive 
repeated values were found. 
For comparison, Table V shows cutting forces for Bright 
Drawn Mild. Steel, S 11, Nimonic 90, and Titanium 75. 	 The tool 
/shape .... 
s h a p e  w a s  c o n s t a n t  f o r  T a b l e s  I V  a n d  V ,  a n d  w a s  a s  f o l l o w s :  
C u t t i n g  e d g e  S i d e  R a k e  	
+  c o  
C u t t i n g  e d g e  B a c k  R a k e  
P l a n  A p p r o a c h  A n g l e  	
0 °   
P l a n  T r a i l  A n g l e  
	
6 °   
C l e a r a n c e  A n g l e s  	 6 °   
N o s e  R a d i u s  
	 0 . 0 1 0  i n .  
D e p t h  o f  O u t  	
0 . 0 5 0  i n .  
S u r f a c e  S p e e d  	 8 6  f t .  p e r  m i n u t e  
T o o l  f i n i s h  h o n e d  3 2 0  g r a d e  D i a m o n d .  
3 - 5  m i c r o  i n c h e s .  
C u t t i n g  d r y .  
T A B L E  I V  
T i t a n i u m  1 5 0 - A   
F e e d  m / m  p e r  r e v .  
0 . 1 2  
0 . 2 5  
0 . 3 0  
V e r t i c a l  f o r c e  i n  p o u n d s  
4 0  
8 3  1 1 5  
F e e d  f o r c e  i n  p o u n d s  
L 3  
7 2  9 1  
B a c k  f o r c e  i n  p o u n d s  
1 0  1 8  
3 5  
/ T a b l e  V   . . . .  
Slht,L 5.11 
Feed DrI/m Der revolution 0.12 0.25 











Feed in III/ra per revolution 0.12 	 0.25 	 1 0.30 
Vertical Force (pounds) 
	
71 
Feed Force 	 (pounds) 	 60 	 100 	 110 
154 176 
  
Feed in !VIII per revolution 0.12 0.25 0.30 
Vertical Force (pounds) 27.5 55 6o 








All conditions as in Table IV. 
BRIGHT NILD STEEL 
-.Leed 	 per revolution 0,12 
	
0.25 0.30 
Vertical Force (pounds) 
Feed Force 	 (pounds) 
31 	 72.6 
39 	 60 
80 
0+ 
11DrIOITI0 90  
TITAN= 75  
/3.3 
3 . 3  	 g
C u t t i n f o r c e s w h e n c u t t l h e b a s e m e t a l
. s c a l e a n d  
i m m e d i a t e  a r e a  u n d e r  s c a l e  r e m o v e d   b e f o r e  t e s t s  
F r o m  t h e s e  t e s t s ,  i t  w a s  p o s s i b l e  t o  d e t e r m i n e  t h e  b e s t  m a x i m u m  
r a k e  a n g l e  ( t h i s  a n g l e  i s  s o m e t i m e s  c a l l e d  t h e  ' t r u e '  r a k e  a n g l e ) .  
A s  t h e  m a x i m u m  r a k e  a n g l e  i s  t h e  m o s t  i m p o r t a n t  a n g l e  i n  m e t a l  
c u t t i n g ,  e x t e n s i v e  t e s t s  w e r e  t a k e n  f o r  t h i s  p a r t  o f  t h e  p r o g r a m m e .  
T h e  c o n s t a n t s  o f  t h e  g e o m e t r y  c • f  t h e  t o o l  w e r e  a s  f o l l o w s :  
P l a n  A p p r o a c h  A n g l e  	
Z e r o  
C u t t i n g  e d g e  s a c k  R a k e  	 Z e r o  
P l a n  T r a i l  A n g l e  
	
6 0   
C l e a r a n c e  A n g l e s  
	
6 0   
T h e  v a r i e d  a n g l e s  -  c u t t i n i.   e d g e  s i d e  r a k e :  
R a n g e  -  0 °   +  5
°   +  1 0
0  
 +  1 5  +  2 0 °   +  2 5 °   +  3 0 ° .  
T h e  b e s t  m a x i m u m  r a k e  a n g l e  w a s  d e t e r m i n e d  b y  m e a s u r i n g  t h e  c u t t i n g  
f o r c e s  d u r i n g  t h e  m a c h i n i n g  p r o c e s s  u s i n g  T h e  C o l l e g e  o f  A e r o n a u t i c s  
L a t h e  T o o l  D y n a m o m e t e r .  
D e p t h  o f  c u t  w a s  c o n s t a n t  a t  0 . 0 5 0  i n s . ,  s u r f a c e  s p e e d  
w a s  c o n s t a n t  a t  8 8  f t .  p e r  m i n u t e ;  r e s u l t s  a r e  t a k e n  c u t t i n g  d r y .  
T h e  g r a p h s  i n  
F i g u r e s  3  
a n d  4  s h o w  t h e  v a r i a t i o n  i n  
c u t t i n g  f o r c e s  f o r  t h e  v a r i o u s  s i d e  t o p  r a k e  a n g l e s  a t  a  n u m b e r  o f  
f e e d  r a t e s .  I t  m a y  b e  s e e n  t h a t  i n  e a c h  c a s e  t h e  s a m e  t r e n d  o c c u r s ;  
t h e  h i g h e r  r e a d i n g  b e i n g  a t  0 °  
 s i d e  t o p  r a k e  w i t h  r a p i d  d e c r e a s e s  i n  
c u t t i n g  f o r c e s  b o t h  v e r t i c a l  a n d  f e e d ,  u n t i l  s i d e  t o p  r a k e  +  1 5 °   t o  
2 0
°  
 i s  r e a c h e d ;  f u r t h e r  i n c r e a s e  i n  t h i s  a n g l e  s h o w s  l i t t l e  o r  n o  
i m p r o v e m e n t  i n  f o r c e .  
T h e  b a c k  f o r c e s  w e r e  n o t  p l o t t e d  o n  t h e s e  c u r v e s  a s  t h e y  
w e r e  f o u n d  t o  b e  n e g l i g i b l e .  
T o  s h o w  t h e  t r e n d  o f  c u t t i n g  f o r c e  w i t h  i n c r e a s e  i n  f e e d  r a t e  
f o r  c o n s t a n t  t o o l  a n g l e  ( c u t t i n g  e d g e  s i d e  r a k e ) ,  F i g u r e  
3  
i s  c r o s s -
p l o t t e d  i n  F i g u r e  5 .  
T h e  i n f o r m a t i o n  t h u s  o b t a i n e d  s h o w s  t h a t  c u t t i n g  
f o r c e s  i n c r e a s e  s l i g h t l y  f r o m  0 . 1  m / m  p e r  r e v o l u t i o n  ( 0 . 0 0 4 _  i n . )  t o  
0 . 2  m / m  p e r  r e v o l u t i o n  ( 0 . 0 0 8  i n . )  a n d  t h e n  i n c r e a s e  m o r e  r a p i d l y ,  
i . e .  t h e  a n g l e  o f  s l o p e  o f  t h e  f o r c e  c u r v e  i n c r e a s e s  f r o m  t h e  h o r i z o n t a l ,  
a n d  t h i s  i m p l i e s  t h a t  f e e d s  u p  t o  0 . 0 0 8  i n .  o r  0 . 0 1 0  i n .  p e r  r e v o l u t i o n  
a r e  m o s t  e c o n o m i c a l  f o r  t h e  g i v e n  s e t  o f  c o n d i t i o n s .  
F u r t h e r  r e f e r e n c e  t o  F i g u r e  
3  
s h o w s ,  a s  s t a t e d  p r e v i o u s l y ,  
t h a t  t h e  s t e e p  d e c l i n e  i n  c u t t i n g  f o r c e s  f l a t t e n s  o u t  a t  a p p r o x i m a t e l y  
1 5 °   t o  2 0 °  
 c u t t i n g  e d g e  s i d e  r a k e .  T h u s ,  f o r  a n  a n g l e  o f  2 0
°
,  w e  
s h a l l  b e  c o n s u m i n g  t h e  l e a s t  h o r s e  p o w e r  p e r  u n i t  o f  m e t a l  r e m o v a l .  
T h i s  . . . .  
This fact is useful for machine loading up to full capacity, if the 
stock to be removed from the workpiece permits full cutting capacity 
to be exploited. 
This large volume stock removal is seldom required and when 
we consider the tool life which is often the more important factor, 
it may be seen from Figures 3 and 4 that a 10° to 12e cutting edge 
side rake will take full advantage of reduction of tool forces and not 
sacrifice tool cross section. 
A choice of maximum rake angle in this area often proves to 
be the best angle for economic tool life, as will be seen in Section 4 
on tool life. 
4-. THE RELATIONSHIP BET1E:EN SURFACE SPEED AND TOOL LIFE  
4.1 Definition of Tool Life  
The tool life is based on either (a) the duration of cut 
between re-grinds (Tungsten Carbide Tipped Tools), or (b) complete 
tool breakdown, often used in high-speed steel life tests. 
All conditions other than surface speed of the workpiece 
are made constant, and a further precaution against variables is to 
use one tool only, running at each speed and re-grinding the same 
tool before a further run. 
A study of the wear of Tungsten Carbide tipped tools has 
resulted in a practice of running these until a pre-determined amount 
of wear takes place, usually 0.030 in. flank loss; if breakdown were 
used, the tool would probably be destroyed completely. 
In these particular tests, a wear of 0.015 in. was taken as 
tool life; this value is found to take advantage of the most efficient 
cutting period when applied to Titanium 150A, as after such wear is 
attained rapid increase in wear occurs. 
4.2 The Effect of Gutting Edge Side Rake on Tool Life  
In paragraph 363 an indication of best tool angle was shown 
to be between 10 and 15 maximum rake angle. 
In many previous investigations, this method of determination 
of best tool shape,from cutting tool forces curve, has been found a 
reliable indication of best life, but a full test was carried out in 
this new material to ensure there were no unique characteristics in 
this respect. Hence the programme covered the full range of cutting 
edge side rakes, including one in a negative sense, i.e. -5 . 
/Six .... 
-  1 0  -  
S i x  t o o l s  w e r e  s e l e c t e d ,  e a c h  b e i n g  g r o u n d  p r o g r e s s i v e l y  
f r o m  - 5
o  
t o  + 3 0
o  
c u t t i n g  e d g e  s i d e  r a k e .  W e a r  m e a s u r e m e n t  w a s  m a d e  
a f t e r  a  c o n s t a n t  t o o l  p a t h  f o r  e a c h  a n g l e ,  t h e  r e s u l t s  o f  t h e s e  t e s t s  
b e i n g  s h o w n  i n  t h e  g r a p h  i n  F i g u r e  6 .  
T h e  r e s u l t s  s h u n  t h a t  m i n i m u m  w e a r  i s  o b t a i n e d  f o r  a  o u t i n g  
e d g e  s i d e  r a k e  b e t w e e n  + 1 0
o  
 a n d  + 1 5
°
,  i . e .  w e a r  d e c r e a s i n g  f r o m  - 5
o  
t o  
+ 1 0
0  
 a n d  i n c r e a s i n g  f r o m  + 1 5 ° .  1 : ' h e n  a n g l e s  + 2 5
°   t o  + 3 0
°  
 w e r e  a p p l i e d ,  
t h e  c u t t i n g  e d g e  f a i l e d  a l m o s t  i m m e d i a t e l y .  
T h e  T a y l o r  H o b s o n  T a l y s u r f  w a  u s e d  t o  m e a s u r e  t h e  a m o u n t  
o f  w e a r  a n d  I n d e p e n d e n t  c h e c k  w a s  m a d e  b y  u s i n g  a  t o o l m a k e r s  m i c r o -
s c o p e .  T h e s e  t w o  m e t h o d s  w e r e  f o u n d  t o  g i v e  i d e n t i c a l  v a l u e s .  
4 . 3  C l e a r a n c e  A n g l e s   
T h e  c l e a r a n c e  a n g l e s  w e r e  t a k e n  a t  6 °   i n i t i a l l y  a n d  r e m a i n e d  
c o n s t a n t  a t  t h i s  v a l u e  d u r i n g  t h e  t e s t s .  I t  w a s  q u i t e  p o s s i b l e  t h a t  
t h i s  f i r s t  c h o i c e  w a s  n o t  a t  o p t i r s r a m ,  h e n c e  t h e  s i d e  a n d  f r o n t  c l e a r a n c e  
a n g l e s  w e r e  v a r i e d .  
T h e  o p t i m u m  c l e a r a n c e  a n g l e  w a s  d e t e r m i n e d  b y  m e a s u r i n g  t h e  
c u t t i n g  f o r c e s  a n d  t o o l  w e a r  a t  a  n u m b e r  o f  f e e d s  f o r  t h e  v a r i o u s  
c l e a r a n c e  a n g l e s .  
C u t t i n g  c o n d i t i o n  c o n s t a n t s  w e r e :  
D e p t h  o f  o u t  
S u r f a c e  s p e e d  
F e e d  r a n g e  
0 . 0 5 0  i n s .  
1 3 8  f t .  p e r  m i n u t e  
0 . 0 5  m / m  ( 0 . 0 0 2  i n . )  i n  s t e p s  o f  
0 . 0 5  m / m  ( 0 . 0 0 2  i n . )  t o  r n a x i n i m  
0 . 3  m / m  ( 0 . 0 1 3 3  i n . )  p e r r e v o l u t i o n .  
F r o m  t h e  r e s u l t s  s h o w n  i n  F i g u r e s  7 ,  8  a n d  9 ,  i t  i s  s e e n  
d o e s  n o t  a p p e a r  t o  b e  a  g r e a t  d e a l  o f  d i f f e r e n c e  b e t w e e n  
v a r i o u s  c l e a r a n c e  a n g l e s  s o  f a r  a s  c u t t i n g  f o r c e s  a r e  c o n  
T h e  8 °   a n d  1 0 °  
 a n g l e s  s h o w e d  s l i g h t  d e c r
,
a s e s  i n  c u t t i n g  
h o w e v e r ,  s h a v e d  a  v e r y  d i f f e r e n t  r e s u l t ,  a n d  t h e r e  
t h a t  t h e  6  c l e a r a n c e  s h o u l d  l e a d  t o  t h e  b e s t  t o o l  l i f e .  
p a r t i c u l a r l y  s h o w s  t h e s e  r e s u l t s  g r a p h i c a l l y .  
t h a t  t h e r e  
r e s u l t s  f r o m  
c e r n e d .  
f o r c e s .  
i s  n o  d o u b t  
F i g u r e  9  
/ 4 . 4  . . . .  
4.4. The Relationship between Surface Cutting Steed and Tool Life 
To determine the relationship between speed and life, all 
cutting conditions other than surface speed are made constant; these 
constants were set in this case as follows: 
Tool 	 Cutanit ICC 
Feed 	 0.010 ins. per revolution 
Maximum Rake Angle 15°  
Plan Approach Angle 0°  
Cutting edge Back 
Rake 	 0 
Clearance Angles 	 6°  
Nose radius 	 0.010 ins. 
Depth of cut 	 0.050 ins. 
Tool finish 	 3 to 5 micro-inches. 
Cutting 	 Dry 
A study in the type of breakdown and wear which takes place 
on Tungsten Carbide tipped tools shows that breakdown is not confined 
to the cutting edge, but splintering often occurs affecting a large 
portion of the carbide tip. Re-grinding is often impossible and 
even where there is sufficient Carbide left, the complete failure 
practice would be uneconomical, as so much metal must be removed to 
present a new cutting edge. 
4.5 Cutting Edge Back Rake  
In addition to the angles found in paragraphs 3.3 and 4.3, 
there is one further angle which could be varied, namely "cutting edge 
back rake" (see Figure 2). This could be either positive or negative. 
With modern heavy duty Carbide tools, negative rake is usually used. 
During the tests on this angle, it was found that up to -3°  
showed Bo improvement or depreciation in forces, but values greater 
than -3 gave rapid force increases, also heat generation appeared to 
increase wear. At -2 cutting edge back rake, force and wear measure-
ments were similar to those at zero cutting edge back rake angles, 
hence this value is adopted. 
Therefore, the angles found to be best are: 
2° (negative) Cutting edge back rake 
15°  Maximum rake angle, i.e. angle normal to cutting 
edge of 14°  52' 
6°  Clearance angles (side and front) 
0.010 ins. Nose radius. /The .... 
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T h e  u s e  o f  p l a n  a p p r o a c h  a n g l e  d o e s  n o t  r e d u c e  t o t a l  l o a d ,  
b u t  c u t t i n g  e d g e  u n i t  l o a d  d u e  t o  c h i p  t h i c k n e s s  b e i n g  r e d u c e d  a n  
a p p r o a c h  a n g l e  o f  1 0  i s  r e c o m m e n d e d  w h e r e  p o s s i b l e .  
4 . 6  
L i f e  T e s t s   
W i t h  t h e  a f o r e m e n t i o n e d  b r e a k d o w n  c h a r a c t e r i s t i c s  i n  m i n d ,  
i t  w a s  d e c i d e d  t o  r u n  t h e  t e s t  u n t i l  0 . 0 1 5  i n .  f l a n k  " w e a r l a n d "  
o c c u r r e d  o n  t h e  t o o l  s i d e  f l a n k .  T h i s  c a n  b e  d o n e  w i t h  c o m p l e t e  
c o n f i d e n c e ,  a s  i t  i s  s e r v i n g  a  c o m p a r a t i v e  r o l e  o n l y .  
T o o l  l i f e  v a l u e s  w e r e  o b t a i n e d  o v e r  a  r a n g e  o f  s u r f a c e  s p e e d s  
v a r y i n g  f r o m  5 0  t o  1 5 0  f t .  p e r  m i n u t e .  T h e  t o o l  l i f e  c u r v e  o b t a i n e d  
f r o m  t h e  t e s t s  i s  s h o w n  i n  F i g u r e  1 0 ,  f r o m  w h i c h  i t  w i l l  b e  s e e n  t h a t  
l i f e  i s  e x t r e m e l y  s h o r t  a t  s p e e d s  a b o v e  1 0 0  f t .  p e r  m i n u t e .  B e l o w  
1 0 0  f t .  p e r  m i n u t e ,  t o o l  l i f e  i n c r e a s e s  u n t i l  a p p r o x i m a t e l y  5 0  f t .  p e r  
m i n u t e ,  t h e  c u r v e  t e n d i n g  t o  b e c o m e  a s y m p t o t i c .  
T h e  t o o l  l i f e  c u r v e  i s  h y p e r b o l i c  i n  s h a p e  a n d  c a n  b e  
e x p r e s s e d  i n  t h e  f o r m  V T
n  
 =  C ,  t h i s  f o r m u l a  e x p r e s s i n g  t h e  r e l a t i o n -
s h i p  b e t w e e n  c u t t i n g  s p e e d  a n d  t o o l  l i f e  p e r  g i v e n  t o o l  f e e d  a n d  
d e p t h  o f  c u t .  O n  l o g - l o g  p a p e r ,  a  s t r a i g h t  l i n e  i s  p r o d u c e d ,  t h e  
f o r m u l a  n o w  b e i n g  L o g  V  =  L o g  C  -  n  l o g  T ,  t h e  s l o p e  n  o f  t h e  l i n e  
b e i n g  n e g a t i v e  a n d  e q u a l  t o  / / X  a n d  C  =  V
1   ( i n  f e e t  p e r  m i n u t e  f o r  
a  1 - m i n u t e  t o o l  l i f e .  T h e  r e s u l t s  o f  t h i s  l o g - l o g  p l o t  a r e  s h o w n  
i n  F i g u r e  1 1  a n d  t h e  c o n s t a n t s  c a l c u l a t e d .  F o r  t h e  g i v e n  s e t  o f  
c o n d i t i o n s  i n  t h i s  t e s t ,  t h e  f o r m u l a  b e c o m e s :  
V T
0 . 1 3 3  
=  1 0 2 .  
I t  i s  p r e f e r a b l e  t o  u s e  t h e  c u r v e  p l o t t e d  o n  C a r t e s i a n  
c o - o r d i n a t e s  t o  t h o s e  o n  l o g - l o g  p a p e r ,  a s  t h e  h y p e r b o l i c  c u r v e  
g i v e s  a  f a r  b e t t e r  p i c t u r e  o f  e x a c t l y  w h a t  i s  h a p p e n i n g  d u r i n g  t h e  
t e s t .  T h e  c u r v e  o n  l o g - l o g  p a p e r  i s  a n  a i d  t o  d e t e r m i n i n g  f o r m u l a  
a n d  a l s o  e v a l u a t i n g  t h e  e x p e c t e d  t o o l  l i f e  a t  s p e e d s  o t h e r  t h a n  
t h o s e  t e s t e d .  
I t  i s  t o  b e  n o t e d  t h a t  t h e  f o r m u l a  V T
f l  
 =  C  h a s  b e e n  m a d e  
t h e  s u b j e c t  o f  a n  i n v e s t i g a t i o n  a n d  f o u n d  t o  h o l d  g o o d  f o r  a  l i f e  
a s  s h o r t  a s  6  
s e c o n d s  a n d  a s  l o n g  a s  1 8  h o u r s  
F i g u r e  1 2  s h o w s  t i m e / w e a r  c u r v e  f o r  5 0  s u r f a c e  f e e t  p e r  
m i n u t e  a n d  t h e  e f f e c t  o f  c u t t i n g  t i m e  o n  w e a r  i s  c l e a r l y  s h o w n .  
4 c
U n p u b l i s h e d  T h e s i s  b y  J . P . H .  G o d d a r d  -  " I n v e s t i g a t i o n s  i n t o  H i g h  
P r e s s u r e  L u b r i c a t i o n  o f  M e t a l  C u t t i n g  T o o l s "  ( 1 9 5 3 ) .  
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5. THE EFFECT OF FEED ON TEAR OF TOOL  
The method was similar to that used in the previous tests 
and Twearlandi was plotted against feed. 
The tool was exactly as it paragraph 4.4 (i.e. 15°  maximum 
rake angle). Cutting speed was fixed at 178 surface feet per minute 
with the feeds varying from 0.005 in. per revolution to 0.010 in. 
per revolution. 
Figure 13 shows the results, which, when related to pressure 
against feed curve - Figure 5 (derived from a cross plot of Figure 3), 
indicates that pressure and wear are, in this case, similar parameters 
and permits the use of the pressure data to deterthine tool life. 
6. THE EFFECTS ON TOOL LIFE OF CUTTING LUBRICANTS AND COOLANTS, TOGETHER  
-CITH METHODS OF APPLICATION  
The generation of heat and high pressures during the cutting 
process on Titanium 150A necessitates the use of coolants and lubricants. 
The investigation into the best lubricant and coolants was 
carried out by making comparisons from a base cutting dry; the scope 
of these tests covers application of: 
1. Carbon Dioxide (CO2); 
2. Straight mineral oil by Hi-Jet; 
3. Soluble oil inwater 1 to 15 ratio; 
4. Straight cutting oil; 
(3) and (4) being apialied by the overhead gravity method. 
6.1 CO2  Coolant 
The technique known as CeDeCut used in this test has been 
developed by Carbon Dioxide Co. of Epsom. The method is to provide 
a reservoir of this coolant under the tool tip, and prevent the 
access to the chip, where the maximum temperature is required, 
allowing the heat generated by shear to maintain the chip in a 
plastic state. The exhausted coolant is discharged into the work-
piece belay/ the cutting zone and assists in maintaining it at normal 
temperature. 
Details of this method of cooling and the equipment are 
available from The Carbon Dioxide Co., which kindly provided the 
apparatus for these investigations. 
/For 
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F o r  t h i s  t e s t ,  t h e  t o o l  u s e d  w a s  C u t a n i t  I C C  g r a d e  T u n g s t e n  
C a r b i d e  t i p p e d ,  m o d i f i e d .  a s  C e D e C u t  m e t h o d  t o  i n c o r p o r a t e  C O
2  
 c a p i l l a r y  
t u b e .  
R a t e  o f  f l o w  o f  C O
2  
 
D e p t h  o f  c u t  
F e e d  p e r  r e v o l u t i o n  
S u r f a c e  s p e e d  
M a x i m u m  r a k e  a n g l e  
P l a n  a p p r o a c h  a n g l e  
C u t t i n g  e d g e  b a c k  r a k e  
C l e a r a n c e  a n g l e s  
N o s e  R a d i u s  
5  p o u n d s  p e r  h o u r  
0 . 0 5 0  i n c h e s  
0 . 0 1 0  i n c h e s  
9 5  f e e t  p e r  m i n u t e  
. 1 5 0   
0 0   
0 °  
6 °  
0 . 0 1 0  i n c h e s  
T h e  0 . 0 1 5  i n c h e s  ' w e a r l a n d T  w a s  r e a c h e d  a f t e r  2  m i n s .  4 5  s e c s .  
c u t t i n g  t i m e  a s  a g a i n s t  c u t t i n g  d r y  1  m i n .  1 0  s e c s .  
6 . 2  H i - J e t  L u b r i c a t i o n  
B y  t h i s  m e t h o d ,  s t r a i g h t  m i n e r a l  o i l  i s  f o r c e d  t h r o u g h  a  
j e t  a t  a  p r e s s u r e  o f  4 0 0  l b .  p e r  s q .  i n . ,  v e l o c i t y  a p p r o x i m a t e l y  
2 7 5  f t .  p e r  s e c o n d ,  b e t v i e e n  t h e  t o o l  s i d e  f l a n k  c l e a r a n c e  a n d  t h e  
w o r k p i e c e .  
C u t t i n g  c o n d i t i o n s  a n d  t o o l  g e o m e t r y  w e r e  c o n s t a n t  a s  f o r  
t h e  C O
2  
t e s t s ;  t h e  0 . 0 1 5  i n s .  f l a n k ' w e a r l a n d '  o c c u r r e d  a t  
2  m i n s .  3 0  s e c s .  
T h i s  r e s u l t  i s  v e r y  g o o d ,  b e i n g  f o u r  t i m e s  t h a t  o f  t h e  b a s e  d r y  1  m i n .  
1 0  s e c s .  
6 . 3 .  O v e r h e a d  A p p l i c a t i o n  o f  S t r a i g h t  M i n e r a l  O i l   
I n  t h i s  t e s t  s t r a i g h t  m i n e r a l  o i l  w a s  a p p l i e d  i n  t h e  o v e r h e a d  
m a n n e r  g e n e r a l l y  u s e d  i n  m a c h i n e  s h o p s .  T h e  t y p e  o f  o i l  w a s  t h e  s a m e  
a s  t h a t  u s e d  i n  t h e  H i - J e t  t e s t ;  r e s u l t - .  d o  n o t  c o m p a r e  f a v o u r a b l y  w i t h  
t h e  H i - J e t  m e t h o d  o f  a p p l i c a t i o n ,  t o o l  l i f e  b e i n g  0 . 0 1 5  i n .  f l a n k  w e a r  
i n  1  m i n .  2 0  s e c s .  
6 . 4  S o l u b l e  O i l   
T h e  s t a n d a r d  s o l u b l e  o i l  i n  w a t e r  w a s  a p p l i e d  b y  t h e  o v e r h e a d  
m e t h o d  a n d  f o u n d  t o  b e  s i m i l a r  i n  e f f e c t  o n  t o o l  l i f e  t o  s t r a i g h t  
m i n e r a l  o i l  w h e n  a p p l i e d  i n  t h i s  v a y ,  i . e .  l i f e  1  m i n .  2 0  s e c s . ,  t a k i n g  
e x p e r i m e n t a l  e r r o r  i n t o  a c c o u n t ,  n o  i m p r o v e m e n t  w o u l d  b e  c l a i m e d  f r o m  
o v e r h e a d  m e t h o d s  w i t h  s t r a i g h t  m i n e r a l  o i l  o r  s o l u b l e  o i l  c o m p a r e d  w i t h  
t h e  b a s e  d r y .  
/ 6 . 5  . . . .  
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6.5 Summary of Lubrication Tests  
From the results obtained during these tests, it appears 
that Hi-Jet gives the best performance, showing an increase of tool 
life of four times the base dry. Table VI gives the details of the 
tests and the life attained. 
From the point of view of reclaiming the swarf for remelting 
purposes, CO2  would probably be more economical for leaves the swarf 
unecntaminated. If acceptable results could be obtained from a 
cleansing process of the swarf, 'Hi-Jet' would have to be reconsidered. 
All test results in this section are the average when three 
tools are taken to 0.015 in. flank wear with a variation in life of 
5 seconds between any accepted reading from similar test runs. 
TABLE VI  
Comparisons of Cutting Fluids  
liethod 	 Tool Life  
Cutting Dry 
CO2 Coolant 
Hi-Jet Lubrication (straight 
mineral oil) 
Overhead Application 
1 minute 10 seconds 
2 minutes 45 seconds 
24- minutes 30 seconds 
Straight mineral oil 
	
1 minute 20 seconds 
670 Soluble oil in water 	 1 minute 20 seconds. 
7. CONCLUSIONS  
7.1 Tool Grade  
The best grade of tip was found to be WIMET N.S. Grade or 
other makers' equivalents. Nine different makes of tool were tested 
and the wear at the end of one minute was measured. 
/7.2 .... 
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7 . 2  
T h e  T o o l  G e o m e t r y  
T h e  g e o m e t r y  o f  t h e  l a t h e  t o o l  f o u n d  t o  g i v e  b e s t  r e s u l t s  
i s :  
C u t t i n g  e d g e  b a c k  r a k e  - 2 °  
C u t t i n g  e d g e  s i d e  r a k e  + 1 4
o  
 5 2 '  ( r a K i M U M  r a k e  
a n g l e  + 1 5 ° )  
S i d e  c l e a r a n c e  a n g l e  	 6 °   
F r o n t  c l e a r a n c e  a n g l e  	 6 °   
N o s e  r a d i u s  	 0 . 0 1 0  i n c h e s  
P l a n  t r a i l  a n g l e  	 6 °   
W h e r e  p o s s i b l e  a  1 0 °   p l a n  a p p r o a c h  a n g l e  s h o u l d  b e  u s e d .  
7 . 3  
S u r f a c e  S p e e d  
T h e  m o s t  e c o n o m i c  p o i n t  i n  t h e  c o n d i t i o n s  o f  t h i s  t e s t  w a s  
5 0  -  6 0  s u r f a c e  f e e t  p e r  m i n u t e ,  w h i c h  g a v e  a  l i f e  o f  3 0  m i n u t e s .  
7 j -  
F e e d  
T h e  l i f e  o f  t h e  t o o l  w h e n  c u t t i n g  a t  f e e d  r a t e s  u p  t o  
0 . 0 1 0  i n s .  p e r  r e v o l u t i o n  i s  s a t i s f a c t o r y .  
7 . 5  
C o o l a n t s   
C a r b o n  d i o x i d e  c o o l i n g  i n c r e a s e s  t o o l  l i f e  2 1 •  t i m e s  o v e r  t h e  
b a s e  ( c u t t i n g  d r y )  a n d  l e a v e s  t h e  s w a r f  c l e a n  f o r  r e c o v e r y .  
S t r a i g h t  m i n e r a l  o i l  a p p l i e d  b y  t h e  H i - J e t  m e t h o d  g a v e  a  
f o u r  t o  o n e  i n c r e a s e  o v e r  t h e  b a s e  d r y ,  b u t  s w a r f  i s  c o n t a m i n a t e d .  
7 . 6  S p e c i a l  N o t e  
T h e  s w a r f  f r o m  T i t a n i u m  1 5 0 A  f u r g i n g s  w i l l  i g n i t e  a n d  b u r n  
r a p i d l y  u n d e r  c e r t a i n  c u t t i n g  c o n d i t i o n s ,  s e e  A p p e n d i x  I I I .  
/ A p p e n d i x  I  	  
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APPENDIX I 
Hardness Tests  
Vickers penetration nuthber (V.P.N.) hardness tests were 
made on the forging at various depths as cutting proceeded. 
(a) The first tests were made before the determination of best 
composite rake angle was started, i.e. on the major 
diameter of the forged block after flash and scale 
removal. The variation in hardness was found to be 
quite considerable, ranging from 346 to 406 V.P.N. 
(h) The second hardness tests were made after the maximum 
rake angle had been determined, and after approximately 
3/4 in. in radius of bright metal had been removed, the 
variation then found being 368 to 413 V.P.N. A number 
of tools were broken down during the course of the 
angle tests; the character of failure appeared to be 
due to hard inclusions; the radial reduction at this 
critical point was approximately 14 inches. 
(c) Final hardness tests were taken after all preliminary 
machining was completed, radial reduction then being 
3 ins., the V.P.N. at this point being 375 to 413. 
It would appear that more consistent figures for 
V.P.N, are being obtained nearer the centre of the 
forging. 
See Figure 14- for actual results of hardness tests, each 
value being the average of three impressions. 
The variation in hardness obtained can be attributed to 
the quantity of oxygen and nitrogen existing in the material. 
These elements are soluble in the molten material and form solid 
solutions or non-metallic inclusions. Tile Henderson Research 
Laboratory of the Titanium Metals Corporation of America have 
published data showing the graphical correlation of oxygen and 
nitrogen values in Titanium with hardness. The data shows the 
effects these interstitial elements have on Titanium. An increase 
of only 0.04 oxygen will increase the V.P.N. by 20. 
The hardness figures quoted by Titanium Metals Corporation 
for Ti-150A are 34-0 to 400 V.P.N., so except for a few spots in the 
material, our results agree with those of the Henderson Laboratory. 
/Appendix IT .... 
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A P P E N D I X  I I  
D e t e m i n a t m a l M a py E L E 2 r E p t  
T h e  M a y e r  e x p o n e n t  g i v e s  a  m e a s u r e  o f  t h e  c a p a c i t y  o f  a  
m e t a l  t o  s t r a i n  h a r d e n i n g .  I t  g i v e s  a n  i n d i c a t i o n  o f  t h e  a m o u n t  
o f  h a r d e n i n g  t o  b e  e x p e c t e d  d u e  t o  t h e  s t r a i n  i m p o s e d  o n  t h e  m e t a l  
i n  c u t t i n g .  T h e  h a r d e n i n g  w h i c h  t h e  m e t a l  u n d e r g o e s  d u r i n g  t h e  
c u t t i n g  p r o c e s s  d u e  t o  p l a s t i c  d e f o r m a t i o n  h a s  a n  a p p r e c i a b l e  e f f e c t  
o n  t h e  l i f e  o f  t h e  c u t t i n g  t o o l .  
T h e  e x p o n e n t  i s  d e r i v e d  f r o m  t h e  r e l a t i o n s h i p  b e t w e e n  l o a d  
a p p l i e d  b y  a  s p h e r i c a l  i n d e n t e r  o r  b a l l ,  a s  i n  t h e  B r i n e l l  m a c h i n e  
t o  t h e  d i a m e t e r  o f  t h e  i m p r e s s i o n  c a u s e d  b y  t h e  l o a d .  
T h e  r e l a t i o n s h i p  i s  o f  t h e  f o r m  
L  =  a  a n   
w h e r e  
L  =  a p p l i e d  l o a d  K g .  
d  =  d i a m e t e r  o f  i n d e n t a t i o n  i n  m / m  
a  =  c o n s t a n t  c h a r a c t e r i s t i c  o f  t h e  m e t a l  a n d  
t h e  d i a m e t e r  o f  t h e  b a l l  
n  =  M a y e r  c o m p o n e n t .  
I f  t h e  l o a d  i s  p l o t t e d  a g a i n s t  i n d e n t a t i o n  o n  l o g - l o g  p a p e r ,  
a  s t r a i g h t  l i n e  r e s u l t s .  T h e  s l o p e  o f  t h i s  l i n e  g i v e s  t h e  M a y e r  
e x p o n e n t  n .  T h i s  e x p o n e n t  m u s t  b e  e q u a l  t o  o r  g r e a t e r  t h a n  2 .  A  
M a y e r  e x p o n e n t  o f  2  s i g n i f i e s  t h a t  t h e  m a t e r i a l  h a s  n o  c a p a c i t y  f o r  
w o r k  h a r d e n i n g .  
T h e  t e s t s  w e r e  c a r r i e d  o u t  o n  a  B r i n e l l  m a c h i n e  u s i n g  a  
1 0  m / m  d i a m e t e r  b a l l .  T h e  r e s u l t s  o b t a i n e d  g i v e  a  M a y e r  n u m b e r  o f  
a p p r o x i m a t e l y  2 . 2 5 .  T h i s  v a l u e  s i g n i f i e d  t h a t  T i t a n i u m  1 5 0 A  f o r g e d  
h a s  a p p r e c i a b l e  w o r k - h a r d e n i n g  c h a r a c t e r i s t i c s .  
R e s u l t s  r e p o r t e d  b y  t h e  U n i v e r s i t y  o f  M i c h i g a n  g i v e  t h e  
M a y e r  n u m b e r  f o r  T i t a n i u m  1 5 0 A  f o r g e d  a s  2 . 2 7 .  
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APPENDIX III 
Inflammability of Titanium Swarf  
Under certain machining conditions, the swarf cut from 
Titanium 150A fcrging becomes ignited. This would appear to take 
place when the chip cross section is small and surface speed high, 
i.e. finishing cuts. 
The surface speed/cross section of chip relationship to 
ignition point is not constant but is influenced directly by tool 
cutting edge wear. For example, a tool ground to the shape 
recommended. in this report was applied at a surface speed of 
520 ft. per min. with 0.015 in. depth of cut, and 0.001 in. feed 
per rev: after cutting for 3 seconds the swarf ignited. The 
surface speed was reduced to 55 ft. per min. and feed increased 
to 0.005 in., depth of cut remaining at 0.015 in. After using 
this tool under these conditions for a period of eight minutes 
a 0.009 in. flankwearland was produced. 
A further finishing test was then made with this worn 
tool, and at 380 ft. per minute ignition of the swarf occurred. 
(Feed and depth of cut were as on the previous test, i.e. 0.001 in. 
and 0.015 in. respectively). It was noticed that a heavily-worn 
tool tended to ignite the swarf at speeds as low as 75ft. per 
minute. 
It is advised that greater importance be given to the 
speed-life curve and that a speed and useful life should be 
selected which is well below the ultimate life of the cutting 
tool. 
A further critical point exists when the tool feed is 
disengaged. The tool should be withdrawn from engagement with 
the workpiece immediately, as rubbing is extremely severe on the 
tool, and should the small particles produced by rubbing become 
ignited, the heavier strips will also ignite. 
Figure 15 shows a typical photograph of a Titanium alloy 
fire at the cutting face. 
TITANIUM ROTOR BLANK 
AS RECEIVED 
Dimensions 12ins Dia. X tins thk. FIG. 1 A 
Wieght 261b 11 ozs 
PARTIALLY MACHINED 
FORGING AND MOUNTING 
SPIGOT 
FIG. 1 B 
FIG. I & 1 
TYPICAL TITANIUM FIRE 
FIG. 1 S 
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PLAN TRAIL 
ANGLE 
A Cutting Edge Side Rake + 
B Cutting Edge Back Rake + 
C Maximum Rake Angle 
D Side Clearance Angle 
E Secondary Side Clearance Angle 
F Front Clearance Angle 
G Secondary Front Clearance Angle 
H Side Wedge Angle 
J Front Wedge Angle 
K Plan Approach Angle 
L Plan Trial Angle 
M Included Plan Angle 
N Nose Radius 
E3 Maximum Rake Plan Angle 
P Side Cutting Edge 
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